Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX Charge carrier conductivity and mobility for various semiconductor wafers and crystals were measured by ultrafast above bandgap, optically excited Time-Resolved Terahertz Spectroscopy (TRTS) and Hall Van der Pauw contact methods to directly compare these approaches and validate the use of the non-contact optical approach for future materials and in-situ device analyses. Undoped and doped silicon (Si) wafers with resistances varying over six orders of magnitude were selected as model systems since contact Hall measurements are reliably made on this material. Conductivity and mobility obtained at room temperature by terahertz transmission and TRTS methods yields the sum of electron and hole mobility which agree very well with either directly measured or literature values for corresponding atomic and photo-doping densities. Careful evaluation of the optically-generated TRTS frequency-dependent conductivity also shows it is dominated by induced free-carrier absorption rather than small probe pulse phase shifts, which is commonly ascribed to changes in the complex conductivity from sample morphology and evaluation of carrier mobility by applying Drude scattering models. Thus, in this work, the realvalued, frequency-averaged conductivity was used to extract sample mobility without application of models. Examinations of germanium (Ge), gallium arsenide (GaAs), gallium phosphide (GaP) and zinc telluride (ZnTe) samples were also made to demonstrate the general applicability of the TRTS method, even for materials that do not reliably make good contacts (e.g., GaAs, GaP, ZnTe). For these cases, values for the sum of the electron and hole mobility also compare very favorably to measured or available published data.
Introduction
The measurement of material properties which relate to conductivity and charge carrier mobility following photoexcitation is vitally important to development of new materials for opto-electronic and photovoltaic applications. Terahertz (THz) spectroscopy is a suitable tool for determining these properties and has been used to study an array of metallic and semiconductor materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In particular, it is a non-contact, all optical method which offers high throughput evaluation of materials without the need for complete device fabrication and can follow carrier dynamics over a wide range of time scales (picoseconds to nanoseconds or longer). In contrast, more conventional electrical contact measurements are limited to long-time processes which occur over the micrometer or longer length scale and are sensitive to grain boundaries and interfacial effects [11] . Furthermore, it may be difficult to make near zero resistance contact to all materials of interest to extract accurate values for the conductivity and mobility [12] . Despite the many advantages of THz spectroscopy, there are still some misunderstood concepts surrounding this technique which limits its more widespread application to solve current problems in the design and measurement of alternative materials for photoconductive applications.
The major aspect of THz spectroscopy which permits it to probe free carrier conductivity is that the time-dependent electric field of a transmitted THz pulse is directly measured (a.k.a. Terahertz Time-Domain Spectrosocpy, THz-TDS). Both the amplitude and phase of the pulsed THz radiation incident upon, Ei(t), and transmitted through, E0(t), the sample is obtained as depicted in Figure 1 . Fast Fourier Transform (FFT) gives the real, 1(), and imaginary2(), parts of the frequency-dependent complex-valued conductivity, ̂(), through the absorption coefficient, , index of refraction, n(), and permittivity, (). Extracting ̂() by this approach typically allows determination of the charge carrier mobility, , through fitting of the spectra to Drude or modified Drude conductivity models, effective medium theory, or local oscillator models [13] [14] [15] , where choice of fitting model depends on the shape and sign of the ̂() spectra. These same principles can be applied to samples following photoexcitation (Time-resolved Terahertz Spectroscopy, TRTS), where it is common to directly measure differential changes of the transmitted THz electric field, E(t) = Ep(t) -E0(t) (Ep(t) is the THz electric field transmitted through the photoexcited sample). In order to measure n(), accurate measurement of the phase delay is required in order to determine the important material parameters relating to charge carrier density, N, and mobility, , and this can be difficult, especially in the situation of small phase delay [16, 17] .
One simplification occurs when a sample falls within the thin film approximation, where the sample thickness (e.g., <10 m) is much smaller than the wavelength of THz probe radiation (e.g., 300 m) [13, 18, 19] . Under these conditions a phase delay is therefore expected to be negligible. For a thin film on an insulating substrate, the THz transmission through the sample, ̂( ), relative to that through the bare substrate, ̂( ), is proportional to the thin film conductivity according to equation (1) :
where, Z0 is the free space impedance, d is the thin film thickness, nsub is the substrate index of refraction, ̂() is the complex-valued frequency-dependent conductivity, and Ês() and Êsub() are the Fourier Transforms of the time-dependent THz electric field waveforms transmitted through the sample and substrate, respectively. This expression can be rearranged to give an expression for the conductivity and also rewritten for photoexcited samples which display non-zero static conductivity [20] .
Despite samples being prepared as thin films or generated as thin films via photoexcitation when the optical penetration depth is much smaller than the overall sample thickness and less than approximately 10 m [19, 32] , there are examples where photoexcitation still leads to an apparent phase delay between E and E0 [21] . This inevitably leads to changes in ̂(), especially affecting 2(), by the analysis described by equation (1) . For example, even a small phase shift on the order of 10 fs to 20 fs can change the sign of 2() from positive to negative, which alters the conductivity model chosen to analyze the frequencydependent data and therefore obscures the values of  and N which are commonly determined from these fitting routines. Furthermore, it has been suggested that observation of such a phase shift arises from changes to the index of refraction and therefore invalidates use of the thin film approximation [22] . Corresponding frequency-domain intensity spectra obtained from the FFT of Ei(t) and E0(t).
Herein, we show that the thin film approximation can be used to appropriately analyze the TRTS results for bulk semiconductors (such as silicon, gallium arsenide, germanium, zinc telluride, and gallium phosphide), even when a phase-shift is observed in E. We find that the observed phase shift is dominated by transient changes to the absorption spectrum rather than changes in refractive index at lowest possible experimental excitation powers.
Determination of the charge carrier mobility in bulk Si wafers with various intrinsic doping level was made by applying the thin film approximation to the photoexcited samples and using only the real-valued component of the conductivity measured by TRTS and charge carrier density estimated by the experimental excitation conditions (e.g. excitation fluence) without relying on fitting the complex conductivity to Drude models. These methods were validated by directly comparing the charge carrier mobility values determined by TRTS to those obtained using standard Hall Van der Pauw methods on the same samples (where ohmic contact e.g., linear voltage response and near zero resistance is known to be achievable for bulk Silicon (Si) wafers) or by comparison to literature values.
We note that, although TRTS and THz-TDS have been used to study a wide range of materials encompassing various sample morphologies, no known attempts to make direct comparisons between contact probe and optical THz probe methods on the same samples of standard bulk semiconductors have been reported. Furthermore, earlier TRTS studies of bulk semiconductors mainly focused on GaAs [23] [24] [25] , which is much more difficult to establish reliable electrical contact. To make direct comparison with contact probe measurements, this study focuses mainly on Si samples where ohmic contact was readily achieved. TRTS studies of bulk Si are limited [26] , but TRTS studies on nanostructured Si materials have recently been reported [27] [28] [29] [30] . Therefore, the study of bulk Si samples is convenient to elucidate misunderstood concepts of THz spectroscopy for two reasons: 1) the origin of an apparent phase delay can be evaluated because the penetration depths using 400 nm and 800 nm excitation places the photoexcited layer well within the thin-film approximation limit, and 2) because ohmic contact is achievable in silicon, reliable comparisons between contact probe and optical THz techniques are feasible. In Discussion section A, we show that the phase shift observed in E arises from changes in the absorption spectrum and not changes in refractive index. This permits the thin-film approximation to be made and facilitates determination of the conductivity and carrier mobility for comparison to electrical contact probe methods in silicon (section B) and other bulk semiconductors (section C).
Experimental Section

A. Materials
Relevant details concerning the bulk semiconductor wafers and crystals used in this study are shown in Table  1 . The undoped and lightly-doped silicon (Si) wafers and the germanium (Ge) sample were purchased from University Wafer (UW) whereas the undoped gallium arsenide (GaAs) sample was purchased from Wafer Technology Ltd (WV) [ 31 ] . Undoped gallium phosphide (GaP) and zinc telluride (ZnTe) crystals were purchased from Moltech GmbH and Cleveland Crystals, Inc. Highlydoped, thin film Si wafers were purchased from Ultrasil Corporation and consist of a thin device layer (details shown in Table 1 ) deposited on a 1 micron thick SiO2 insulating layer supported on a high resistance Si substrate (SOI). For the N-type sample (UD8756), the Si substrate was 500 m ± 25 m thick with (1 to 20) ·cm resistivity while for the P-type sample (UD9524) the Si substrate was 400 m ± 10 m thick with resistivity >10,000 ·cm. The device layer thickness of the highly-doped Si samples was chosen to be greater than the tabulated penetration depth at 400 nm (ca. 82 nm; see ref. [32] for Si and other materials). All the Si samples listed in Table 1 were studied by THz spectroscopy and Hall Van der Pauw methods to determine their conductivity as presented in the Results section, below. 
B. Terahertz Spectroscopy Methods
The apparatus for terahertz spectroscopy is based on an amplified femtosecond Ti:sapphire kilohertz repetition rate laser system that has been previously described in detail [33] . Briefly, the amplified 800 nm output is split into three arms and used to generate the visible pump, THz probe, and gated electro-optic detection. This system was used for both static THz-TDS (visible pump beam blocked) and TRTS measurements (pump pulses at 400 nm and 800 nm with beam diameter ca. 5 mm, ca. 50 fs FWHM pulse duration, and fluence ≈ 1x10 15 photons/cm 2 to 1x10 18 photons/cm 2 ). Samples were mounted on an aperture in a purged dry air box at room temperature. For THz-TDS, electric-field waveforms transmitted through the unexcited sample, E0(t), and reference, Ei(t) were scanned 10 times and averaged. This averaging scheme typically results in waveforms with a reproducible measured phase delay of ± 5 fs or less. For TRTS measurements, the pump delay was scanned while holding the delay between the gate and THz probe pulses fixed at the position that gives the maximum differential electro-optic response (E) to yield the TRTS decay dynamics. The pump delay scans were again collected 10 times, averaged, and then used to calculate the pump-induced change in conductivity. Spectral changes to the photoconductivity were also determined by measuring the differential electric-field waveforms, E(t), where the delay time between the THz probe and gate is scanned and the delay between the visible pump and THz probe is fixed. Ten sweeps of the differential electric field waveforms were collected, averaged, and used to determine the frequency dependent absorbance and photoconductivity. Fourier transforms of the electric field waveforms were performed. All averaged waveforms were used for data analysis after acquiring signal sweeps without error analysis (waveforms and derived frequencydependent conductivity and mobility values for each sample show typical amplitude scatter of a few percent).
C. THz Experimental Data Analysis
Conductivity of the non-photoexcited samples ( np ) was determined in one of two ways depending on the sample. First, for the highly doped thin-film silicon samples (UD8756 and UD9524), conductivity was determined using equation (1) where the undoped silicon sample (UW2018) was used as the comparative substrate. A second method was used for the remaining samples which do not fall within the thin film limit for static THz-TDS measurements. In this case, the THz refractive index, n, and absorption coefficient, , (corrected for reflective losses by the Fresnel equation) were determined relative to air. The real part of the conductivity (1) was then determined from the imaginary permittivity according to 1 = 20=2nsk0, where k = c/2, c is the speed of light, and  is the angular frequency. These conductivity values were compared to contact resistivity measurements and used for determining the change in conductivity following photoexcitation.
For photoexcited samples, conductivity (via TRTS) was determined by analyzing the measured electric field waveforms or E (peak) values under the thin film approximation using modifications of equation (1) . The electric field transmission through a sample consisting of a photoexcited layer smaller than the overall sample thickness relative to an unphotoexcited sample is given by:
where the substrate is defined as the unexcited portion of the sample and the superscripts np and p indicate the nonphotoexcited and photoexcited samples, respectively. Equation (2) can be rearranged to give an expression for the conductivity of the photoexcited sample, equation (3) .
Equation (3) describes the conductivity determined from the frequency domain electric field, which is determined by Fourier transform of the measured timedependent electric field. Alternatively, it is also common to take E and E0 at the peak of the time-dependent electric field [13] . In this latter case, substitution of E(t=peak) and E0(t=peak) into equation (3) generates the frequency averaged values of the real conductivity, which is a good approximation of the DC conductivity when the conductivity spectrum is dispersive.. This equation reduces to previously published forms under the typical approximations that ̂( ) = 0 for an undoped semiconductor and E << ̂( ) at low excitation power [13] [14] [15] [16] [17] [18] . However, some important points about this analysis should be noted. First, the carrier concentration resulting from photoexcitation is a function of depth within the sample (Beer's Law exponential fall-off). By using 1/as the penetration depth for the film thickness, the analysis crudely integrates over the depth profile. Second, for the purposes of calculating  p , only  np within the depth of the photoexcited layer should be considered because the changes resulting from photoexcitation only occur within this relatively thin layer (i.e. in equation (3)
. This analysis was used to determine the frequencydependent and time-dependent conductivity of all photoexcited samples.
The real part of the conductivity determined by equation (3) is related to the direct current conductivity in the low frequency limit by =eN, where N and are the charge carrier density and mobility, respectively, and e is the electron charge. In general, bulk semiconductors such as the ones studied here, generate equal numbers of both electrons and holes with unit quantum yield following photoexcitation so the conductivity is given by a sum of the electron and hole contributions. If the sample is doped, there is an additional term for the intrinsic charge carriers such that:
where again, the superscripts p and np represent the photoexcited and non-photoexcited sample and the subscripts e and h represent the electrons or holes in Nor P-type doped materials, respectively, or that result from photoexcitation. In TRTS, the changes in conductivity resulting from photoexcitation are measured directly so for both doped and undoped samples the differential conductivity , is
 is determined from THz-TDS using equation (1), and the photoinduced conductivity via TRTS using equation (3). Values for N are determined from the experimental excitation fluence in TRTS (corrected for reflective losses of the excitation pulse by the Fresnel equation) and values for the penetration depth at the excitation wavelength employed [34] . This analysis method therefore provides the sum of the electron and hole mobility in the photoexcited sample regardless of the intrinsic carrier type present. Comparisons of mobility values determined in this way by THz spectroscopy were made directly to Hall van der Pauw measurements on the same samples or to literature values obtained by electrical contact probe methods at room temperature and, where possible, from results for samples of equivalent carrier concentrations. Uncertainty limits for reported mobility values from TRTS measurements were obtained by averaging up to five values for varying excitation fluences and photo-doping levels (k=1 type B uncertainty analysis).
D. Hall Van der Pauw Measurements
The free carrier concentration and mobility for each Si sample was determined by the Hall method with the Van Der Pauw geometry at 295 K and a magnetic field of 0.5 Tesla (undoped or lightly doped samples) or 0.8 Tesla (for heavily doped samples). For each sample the contact metal was indium and for the highly doped samples the normal soldering contact process was used while for lightly doped and undoped samples the untrasonic soldering process was used. Results were also obtained for Ge and ZnTe with an applied magnetic field of 0.5 Tesla. The contact metal was again indium and normal soldering was used but for ZnTe it required a very hot iron for a longer than average time to achieve satisfactory contact. Similar methods were attempted for GaAs samples but ohmic contact (linear and near zero resistance) was not achieved thereby prohibiting reliable results and direct comparison.
Results and Discussion
A. TRTS of undoped semiconductors
TRTS results following 400 nm excitation (at ≈ 1 mJ/cm 2 ) of a high resistivity (> 10 000 ·cm) Si wafer are shown in Figure 2 . The measured E0 and E waveforms at various pump delay times are shown in Fig. 2(a) . The E waveforms have been scaled by the indicated factor for visual aid. Decay dynamics measured at the peak of E as a fraction of the E0 transmission are shown in Fig. 2 (b) which are flat over the initial 200 ps due to the long lifetime of this indirect band gap bulk semiconductor [34] .
It is immediately apparent that photoexcitation leads to a significant phase shift in E compared to E0 at all pump delay times. This observation is unexpected given that the tabulated penetration depth at 400 nm in Si is only 82 nm [32] , which suggests the photoexcited layer in the 280 m thick Si wafer should be considered as a thin film.
We surmise the observed phase shift is neither solely due to or dominated by changes in real refractive index for two reasons. First, the actual THz waveforms transmitted through the photo-excited sample, obtained by Ep = E + E0, do not reflect the same phase shift as E, as shown in Figure 2 (c). A true phase shift due solely to a change in the real refractive index should be accompanied by much larger changes in E. This situation is indicated in Figure 3 by taking the difference between two identical waveforms with arbitrarily shifted phase and is clearly not reproduced by our measurements. Even a phase shift as small as 0.01 ps (10 fs) would cause large deviations in E to the level of a 9 % change between the values of E0(peak) and E (peak), again with no magnitude changes between E0 and Ep. The E waveforms shown in Figure 1 (a) exhibit only a 2 % change in peak value at our lowest applied excitation power. Furthermore, if the observed phase shift was dominated by changes in refractive index, it should depend on the thickness of the photoexcited layer. The thickness dependence can be tested by using 800 nm excitation, which has a substantially larger penetration depth of  10.5 m [32] . Despite a factor of 100 increase in penetration depth, the TRTS results with 800 nm excitation at similar excitation power yield essentially the same shifts between the peaks of the E and E0 waveforms (see Figure 4) . We contend the second reason for the apparent phase shift in E is that it arises from the induced absorption spectrum of the free charge carriers generated by photoexcitation, which is shown in Figure 2 (d) for 400 nm excitation and is similar for 800 nm excitation ( Figure 5 ). It is very apparent that the absorbance decreases with increasing frequency, which is in full agreement with THz-TDS absorption spectra for lightly doped n-and p-type Si and is expected to be similar given our low excitation power [35] . Because the transient absorption intensity is unequal across the frequency range of our THz pulse, it must necessarily induce changes not only in the probe pulse magnitude but also the shape of the THz waveform. These changes are manifested in E by an apparent phase shift, which can arise due to a broadening of the oscillations present as well as changes in the oscillation frequencies present. We therefore attribute the changes in THz transmission measured by E as being dominated by changes in absorption due to free charge carriers in the photoexcited layer.
It should be noted that we also observe the same characteristics in measured E waveforms and absorption spectra for GaAs (see Figure 6 ), which has been more widely studied by TRTS. Our measurements for GaAs are comparable to previous THz-TDS measurements of lightly doped GaAs [36] and TRTS measurements of undoped GaAs [13, 21, 23] where changes in phase were often analyzed by applying classical Drude or related (Drude-Smith) models to extract conductivity and mobility from the frequencydependent imaginary component. It is important to keep in mind that absorption does correspond to changes in refractive index, according to the Kramers-Kronig relation. However, our results suggest that at these levels of small absorption (at most a few percent), the changes in refractive index are negligible and do not generate an observable true phase shift in the THz wave as it travels through the photoexcited layer. Instead, the "phase shift" arises primarily from changes in shape between the THz waveform transmitted by the photoexcited and nonphotoexcited samples as further indicated by the relative differences in oscillation patterns between E and E0 depicted in Figure 4 .
If changes in THz transmission indeed predominantly arise from changes in absorption, then there is no reason why the thin film approximation cannot be applied to these systems to directly determine photoconductivity. What are the implications for the free carrier conductivity induced by THz transient absorption and the corresponding phase-shifted transmitted THz waveforms? One implication is that the imaginary component of the complex conductivity will typically be negative, which drastically changes which conductivity model is appropriate and can be applied to the frequency-dependent data to determine carrier parameters such as N and .
Fig. 5:
A comparison of (a) TRTS absorption spectra at 50 ps delay and (b) TRTS dynamics measured at the peak of E relative to E0 peak following photoexcitation of undoped Si at 400 nm (blue) and 800 nm (red) with approximately 1 J/cm 2 excitation power. Fig. 7 . TRTS Frequency-Dependent real, 1(), and imaginary, 2(), conductivity determined by measurement of E and E0 for (a) the undoped Si wafer and (b) the undoped GaAs wafer. Both measurements obtained at room temperature and at 50 ps pump-probe delay following photoexcitation at 400 nm (blue) and 800 nm (red) with 1 J/cm 2 incident pump power. The data with 800 nm excitation has been scaled by a factor of 60 in part (a) and a factor of 10 in part (b) for clarity.
Analysis of the E0 and E waveforms at a pump delay of 50 ps using 400 nm and 800 nm excitation at 1 J/cm 2 by equation (3) for the undoped Si and GaAs wafers yield the conductivity spectra shown in Figure 7 . Here we used the approximation that ̂( ) = 0 for undoped semiconductors. For both materials, we find 2 ( ) is, in fact, negative across our detectable frequency range, which suggests non-Drude like behavior and prevents any further analysis by fitting to typical Drude conductivity models. This finding disagrees with previously published TRTS conductivity spectra for GaAs, which reported 2() > 0, although the shape of 1() from our experiments is in very good agreement with the same published spectra [13, 21, 23] and THz-TDS spectra of lightly doped Si and GaAs [35, 36] . We emphasize that the shape of 2() reported in the literature is very similar to those extracted from our measurements shown in Figure 7 , except that our analysis yields the opposite sign for 2().
In order to further justify that the correct sign for 2() is negative, we also examined and show the excitation power dependence of the TRTS results in Figure 8 for the undoped GaAs wafer and in Figure 9 for the undoped Si wafer. It is important to keep in mind that in our analysis of the conductivity by equation (3) for undoped Si and GaAs, we assumed ̂( ) = 0, which is a common approximation for semiconductors with low intrinsic conductivity [13, 18] . We also note that this assumption cannot be correct because a material's real refractive index is non-zero and therefore 2 ( ) ≠ 0 (see below), but the assumption that , 1 = ( ) 2 − ( ) 2 , and = c/4f ( is the excited sample refractive index,  is the absorption coefficient, c is the speed of light, and f is the THz frequency). In the limit as the sample absorption and therefore goes to zero, 1 > 1 (because for pure Si, N = 3.418), 2 = 0 and therefore 2 ( ) must be negative, which agrees with our observations at low excitation power. The Ep waveforms shown in Fig. 9(a) indicate the index of refraction, , is not strongly changed by excitation at powers ranging from (1 to 100) J/cm 2 , while Fig. 9(b) shows that, as one would expect, the total absorption increases with power, especially at higher frequency. We thus again contend that the phase changes observed in the measured E waveform shown in Fig. 9(c) are dominated by a transient absorption change and not a true phase delay. This conclusion is also reflected by the observation that the phase of E at high excitation power shifts back towards that of E0 as the absorption begins to more strongly include higher frequencies within the THz pulse. Most importantly, this final discussion further supports that the observed sign of 2 ( ) is dominated by the transient absorption. The increased absorption eventually leads to > and therefore 2 ( ) trends positive, which is in agreement with our measurements shown in Fig. 9(d) .
The problems discussed above associated with determining the sign of 2() arise from assumptions made (i.e. that ̂( ) = 0) and choice of standard reference (i.e. measuring versus air, undoped semiconductor, etc.) which may not account for phase changes if not accurately determined. Depending on these choices, the sign of 2() can change because it depends on the relative magnitudes of the refractive index and absorption. However, the underlying physics which lead to the observed conductivity spectra should not be dependent upon such choices if meaningful properties about charge carrier transport are to be ascribed according to the various conductivity models. In our case, we assumed ̂( ) = 0 in equation (3) for the undoped semiconductors, which is valid only for the real part of the conductivity and explains why 1() agrees well with values reported in the literature. For conductive doped semiconductors, this assumption cannot be made but the real part of  np () can be determined from THz-TDS. In either case, relevant values for conductivity and charge carrier mobility can be determined by using equation (3) and focusing only on the real conductivity, which is outlined in the following sections.
B. TDS and TRTS of insulating and doped Silicon (i.e. Si-FZ vs doped Si samples)
Static measurements of the conductivity for the silicon samples at various doping levels and intrinsic conductivies (spanning ca. 6 orders of magnitude; see Table 1 ) were made using THz-TDS and Van der Pauw Hall methods. For the undoped (Float Zone Si-Un-2018) and lightly doped samples with large thicknesses, the real part of the THz-TDS conductivity was directly determined from THz absorption (corrected for reflective losses according to the Fresnel equation) and refractive index (as depicted in Figure 1 and presented in the experimental section). For the undoped Si sample, there was no discernible difference between the THz waveforms transmitted through the sample and air (other than reflected amplitude and phase delay), indicating negligible sample conductivity expected for the low doping level. The thin-film approximation, equation (1), was used to determine the conductivity for the highly doped samples using the undoped silicon sample as the substrate reference. The real conductivity spectra for the four doped samples determined in this way is shown in Figure 10 and the measured conductivity results are summarized in Table 2 with comparison to the Hall Van der Pauw Hall measurements. Table 2 that both methods for the same sample yield conductivity values in agreement to within a factor of at most two. Ideally, the conductivity at zero frequency is equivalent to the DC conductivity measured by contact probe methods. This is approximated by using the lowest frequency value in THz spectroscopy, or equivalently, when the spectra are dispersive (relatively invariant) by averaging over the measured frequency range. As indicated by Table 2 , there is order-of-magnitude agreement between optical THz spectroscopy (when using frequency-averaged or the lowest frequency value) and Hall Van der Pauw methods but exact agreement is not necessarily expected. While both contact and optical methods will have their own implicit errors, this level of agreement does suggest optical methods are a viable alternative, especially when contacts are difficult to establish. Changes in conductivity of these samples following photoexcitation were measured using TRTS. Representative scans of E/E0 scaled to the excitation power for the undoped, lightly-doped, and highly-doped silicon samples are shown in Figure 11 (a) using 400 nm excitation. This wavelength was required to contain the  82 nm photoexcited material within the thin-film layer of the highly doped samples. The dynamics are flat across the 200 ps time scale of our experiment and are therefore not affected by the intrinsic doping level. More importantly, obvious differences in the signal magnitude are observed between the highly doped and lightly/undoped samples. This is an indication of the differences in charge carrier mobility inherent to each of the samples, where increased carrier scattering occurs at higher doping levels and so the mobility decreases.
It is evident from
It is interesting that the lightly doped samples had nearly equivalent signal levels as the undoped sample, which was true for both 400 nm and 800 nm, Figure 11 (b), excitation. This is an indication of the nearly equivalent carrier mobility between the samples. The similarity between the P-type and N-type silicon arises because, (1) the carrier density generated by photoexcitation is larger than the intrinsic carrier density and, (2) photoexcitation generates equal numbers of electrons and holes regardless of the intrinsic doping type. Furthermore, it can be seen that the undoped and lightly doped silicon samples have significantly larger signal magnitudes when excited at 800 nm compared to 400 nm. This indicates the carrier mobility is higher for 800 nm excitation and is consistent with the significantly lower photogenerated carrier density at similar excitation fluence due to the larger penetration depth of 10.7 m (versus 82 nm for 400 nm excitation) at this pump wavelength.
To gain a clearer picture of the carrier mobility that result from photoexcitation of these samples, equivalent measurements of E/E were made at multiple excitation fluences. The data obtained at each excitation fluence is provided in Table 3 . The measured E/E signals exhibit a linear power dependence and carrier mobility values were determined at each fluence according to equations (3) and (5) . In order to facilitate comparisons between samples, the results at each fluence were averaged and displayed in Table 4 . The trends implied by Figure 11 are confirmed by the mobility values displayed in Table 4 : That is, smaller signal levels are observed at a given excitation power for samples with higher carrier density and lower carrier mobility. Fig. 11 . TRTS measurements at room temperature of the Silicon samples following (a) 400 nm excitation at 1.25 J/cm 2 (undoped, UW2018; N-type lightly doped, UW736; P-type lightly doped, UW736) and 4.75 J/cm 2 (highly doped N-type, lot 4538, and P-type, lot 5480). (b) The time-dependence for undoped and lightly doped silicon samples with 800 nm excitation at 1.0 J/cm 2 . The TRTS signal magnitudes have been scaled to excitation power. a The absorbed density is the fraction of photons absorbed from the incident fluence, where the absorbance is given by 1-R, and R is the reflectivity at the pump wavelength. For 400 nm excitation, R = 0.48, and for 800 nm excitation R = 0.33, as determined from the Fresnel equation for Silicon. b The carrier density is given by the absorbed density divided by the penetration depth. For 400 nm, the penetration depth is  82 nm and for 800 nm the penetration depth is  10.7 m. a TRTS results averaged over multiple excitation fluences ranging over  1 order of magnitude. b Change in carrier density generated by photoexcitation for both electrons and holes (given by pump fluence and penetration depth). c Carrier densities equal to the sum of the intrinsic carriers (determined by Hall measurements) and those generated by photoexcitation were considered to determine the appropriate literature value for comparison. d See [37] [38] [39] [40] We find that the extracted mobility values for the silicon samples studied in this work are consistent with literature values for samples of equivalent dopant type and intrinsic carrier density and the typical dependence of carrier mobility on dopant type and concentration was observed [37] [38] [39] [40] . For the TRTS experiments, the carrier density resulting from photoexcitation was significantly different from the intrinsic doping level. No difference in mobility extracted by TRTS was observed between intrinsically Pand N-doped samples because photoexcitation generates equal amounts of electrons and holes. However, the highly doped samples did show comparatively lower mobility due to their much higher intrinsic doping level. Furthermore, the highly doped P-type sample (Si-P-5480) is reported to have ca. 5 times higher intrinsic doping level (Table 2) and therefore slightly smaller mobility than the corresponding highly doped N-type sample.
Because both electrons and holes are generated in equal amounts via photoexcitation, we expect the mobility determined by TRTS displayed in Table 4 to represent the sum of the electron and hole mobility according to equation (5) . To verify this, we compare the TRTS experimental values to known literature values for P-and N-type silicon doped at similar levels as that resulting from photoexcitation in our experiment. Using 400 nm excitation, the carrier density resulting from photoexcitation was on the order of 1x10 17 cm -3 and 1x10 18 cm -3 for the lightly doped and heavily doped samples, respectively. For the lightly doped samples, N = 1x10 17 cm -3 is much greater than the intrinsic doping level of 2x10 15 cm -3 (known from Hall measurement, Table 2 ) and the carrier density arising from photoexcitation is a good approximation of the total carrier density. The literature carrier mobility for both a phosphorus doped and boron doped silicon wafer with a 1.4x10 17 cm -3 dopant level is 641 cm 2 /V·s and 293 cm 2 /V·s, respectively. The sum of these electron and hole mobility is 934 cm 2 /V·s, which agrees quite well with the value measured by TRTS (averaged over multiple excitation fluences for 400 nm excitation) of 948 ± 73 cm 2 /V·s [39]. For the highly doped silicon samples, the excitation density at 400 nm is on the same order of magnitude as the intrinsic doping density. Therefore, the literature mobility values at a doping level equal to the sum of the excitation density plus intrinsic density were considered. Again, the average mobility values determined by TRTS measurement (229 ± 15 cm 2 /V·s and 174 ± 22 cm 2 /V·s for N and P doping, respectively) agreed well with the sum of the electron and hole mobility from the literature [39] . Similarly, we consider the results for 800 nm excitation for the lightly doped silicon samples, which had similar excitation density on the order of 5 x 10 15 cm -3 compared to the intrinsic doping level. For these cases, the carrier mobility is higher compared to 400 nm excitation due to the smaller photoexcited carrier density and again agree well with the sum of the electron and hole mobility from the literature at equivalent carrier density.
C. Using TRTS to extract carrier mobility of other semiconductors
To test and show that the method for determining charge carrier conductivity and mobility values from only the real conductivity (as determined by TRTS) is applicable across various materials (since TRTS signal levels at given experimental conditions differ according to the carrier mobility in each material), measurements were obtained for gallium arsenide, germanium, gallium phosphide and zinc telluride at low intrinsic doping levels for comparison to the silicon results. Static THz-TDS measurements revealed that the THz transmission magnitude was nearly equivalent to a measurement of dry purged air (implying zero THz absorption when corrected for surface reflections in the THz spectral range 0.3 THz to 2.1 THz according to the index of refraction and Fresnel equation) for all the samples except ZnTe. For the ZnTe sample studied, the THz transmission was significantly attenuated and yielded a peak THz absorption at 1.7 THz, in agreement with other THz absorption measurements [41] .
This THz-TDS absorption in ZnTe is not likely the result of free charge carriers but a low energy phonon absorption in the THz range (there are two weak absorptions < 2 THz, but the strong optical phonon band is centered at 5 THz). Due to these results, each sample was considered as "lightly doped" with low intrinsic conductivity prior to photoexcitation for the TRTS measurements. This was substantiated for Si-Un(2018), ZnTe, and Ge, by Hall measurements which indicated resistivity of 12 k-cm, 45.3 ·cm, and 61.4 ·cm, respectively, as shown in Table  5 . For the GaAs and GaP crystals, we were unable to make electrical contact, so the THz-TDS measurements indicate static conductivity lower than our detection limit. Each of the intrinsically low doped semiconductor samples were photoexcited above their band gap transition and changes to the conductivity were monitored by TRTS. As in the previous section, E/E0 at the peak of each waveform was measured and then scaled to the excitation power.
Furthermore, experiments at multiple excitation fluences were carried out and shown to yield a linear power dependent response (See Tables 6 and 7 ). Figure 12 shows representative pump delay scans of E/E0 scaled to the incident excitation power for each semiconductor.
The time-dependent changes that occur following photoexcitation are related to changes in the conductivity which result from changes in carrier density, N, and/or mobility,  (i.e. the E/E0 scale is proportional to the product of carrier density and mobility according to equation (5)). For materials with short recombination lifetimes, such as direct gap semiconductors like GaAs, significant decays are observed due to a time-dependent reduction in carrier density [40] . Conversely, indirect semiconductors such as Si tend to have longer recombination lifetimes, although initially short (ca. 20 ps) decays were also observed for Ge, ZnTe and GaP on our measured timescale. Exact assignments of decay mechanisms are not the focus of this paper. Therefore, in order to make comparisons of signal level (i.e. carrier mobility), the measured E/E0 values were evaluated at the peak of the pump-probe delay scans. Determination of the mobility at later pump-probe delay times depends on the assignment of the decay dynamics to time-dependent changes in N or (or both). The absorbed density is the fraction of photons absorbed from the incident fluence, where the absorbance is given by 1-R, and R is the reflectivity at the pump wavelength. Values for reflectivity at the excitation wavelength are given for each semiconductor in Table 7 . b The carrier density is given by the absorbed density divided by the penetration depth. The details used to calculate this are given in Table 7 . [41] . For the other samples see [32] . b Percent reflectivity at the visible excitation wavelength was determined for each sample using the Fresnel equation. See [32] . Fig. 12 . TRTS time-dependent measurements of various semiconductor samples following excitation at the following wavelengths and fluence:. Si-FZ (800 nm, 1.0 µJ/cm 2 ), GaAs (800 nm, 0.5 µJ/cm 2 ), Ge (800 nm, 0.5 µJ/cm 2 ), GaP (400 nm, 3.2 µJ/cm 2 ), and ZnTe (400 nm, 2.2 µJ/cm 2 ). The TRTS signal magnitudes are scaled to the same incident excitation power.
For each semiconductor sample, equation (3) was used to determine the change in conductivity following photoexcitation and equation (5) was used to determine the carrier mobility at the peak of each E/E0 decay. The results were averaged over the entire set of excitation fluences used for each semiconductor sample and are shown in Table 8 . In order to make appropriate comparisons of the optical (TRTS) and contact probe (Hall Van der Pauw) techniques, known values for the electron and hole mobility are needed at equivalent carrier densities.
As stated before, the carrier concentration dependence of mobility for both electrons and holes is well known for silicon (see above) [37] [38] [39] [40] and the values obtained by TRTS agree well with (µe+µh) at equivalent carrier densities determined by the contact probe measurements for undoped (and atomically doped) silicon samples. As presented in Table 8 , mobility values obtained for samples other than high resistivity, undoped Si were examined using TRTS and compared to measured sample Hall values or those from the literature. Again, acceptable contacts were only successfully made for the Ge and ZnTe samples. Mobility values obtained from the literature are included as estimates for these materials. We find that for GaAs, when using 400 nm excitation, the TRTS extracted mobility sum (1363 cm 2 /V·s) is significantly lower than the literature sum (2850 cm 2 /V·s) most likely because the penetration depth for 400 nm is only about 80 nm. When 800 nm excitation is used (ca. 10 m penetration), significantly better agreement between our measured sum (5555 cm 2 /V·s vs the literature sum 5375 cm 2 /V·s) is found. Preferred use of 800 nm excitation of GaAs instead of 400 nm to avoid penetration effects has been discussed previously [23, 25] . For Ge and GaP samples, very good agreement with measured TRTS and Hall mobility values are found (within experimental errors). Recall that our ZnTe test sample exhibited static THz absorption from low frequency phonon modes or intrinsic residual doping, so the measured TRTS value of 565 ± 103 cm 2 /V·s may be difficult to compare to the measured Hall result of 107 ± 5 cm 2 /V·s, which is only sensitive to holes. We were unable to locate appropriate literature values for p or ntype samples doped at the minimal photodoping level of 5.1x10 17 cm -3 used in TRTS to directly compare to our measurement. In short, except for the ZnTe sample, we find very reasonable agreement between our TRTS extracted mobility sum values compared to direct Hall measurements (dominated by either electron or hole mobility) on the same samples or compared to the mobility sums available from literature data. This evaluation gives credence to using all-optical THz methods for evaluating conductivity and mobility values when creating ohmic contact is prohibitive or even for evaluating carrier properties of unknown or new semiconductor materials.
Conclusions
In this paper we described how to employ static THz-TDS and TRTS methods to make all optical, non-contact measurements of the photoconductivity and charge carrier mobility in bulk semiconductors. The optical measurements were also directly validated based on comparisons to electrical contact measurements, i.e. resistivity and Hall Van der Pauw methods on the same samples, as well as by comparison to cited literature values. The comparisons of the two methods is made by focusing on measurements of Si samples containing either n-type or p-type doping with concentrations yielding resistivities spanning from 0.01 ·cm to 10 000 ·cm.
Si samples were chosen to make "standards" comparisons because they give the most reliable contact probe measurements due to silicon's known ability to provide ohmic contact. By showing that optical, THz spectroscopy methods give reasonable values compared to Hall Van der Pauw methods, we then also showed that the THz optical methods can be used for differentiating and categorizing other semiconductor materials (for which standard procedures for achieving electrical contact are poor or less well established) in terms of photoconductivity and charge mobility compared to the standard Si reference materials.
We also presented a new interpretation for the origin of previously published complex conductivity sign and frequency dependence. Many literature studies often observe and attribute photo-induced probe pulse phase changes, which sensitively determines the sign of the complex conductivity, to specific mobility and sample scattering properties. Drude and modified Drude models are then applied to extract conductivity values and mobility and ascribe carrier dynamics induced by various material morphologies. Conversely, we showed in this work that the THz waveform pulse merely changes shape due to unequal carrier absorption across the THz spectral range. This results in apparent phase shifts that manifest as artificial changes to the refractive index according to the analysis of equations 1-4, yielding concomitant negative imaginary conductivity and precluding application of the Drude model. Using the model-independent positive real part of the complex conductivity removes these ambiguities and permits direct determination of bulk semiconductor conductivity and measures the total (electron and hole) carrier mobility.
Measurement of conductivity by these optical methods should generally alleviate problems with determining physical means for establishing conductive contact to different samples of interest.
In principle, optical spectroscopy offers the possibility of rapid relative carrier properties measurement of different types of samples while holding experimental conditions constant. Furthermore, TRTS offers the opportunity to study individual samples and materials over a wide range of dopant levels simply by controlling the excitation fluence or tuning the excitation wavelength (also by changing thickness to smaller than the penetration depth as long as no morphological changes coincide). This could be an important tool for examining novel materials and actual devices, given the current lack of controlled studies in the literature for dopant concentration dependence of carrier mobility on a wide range of samples.
As demonstrated in this work, TRTS offers a straightforward way to control carrier dopant concentration in individual samples over a wide range of magnitudes simply by changing the excitation fluence and/or wavelength.
However, when using optical excitation, there is no way to separate the combined contributions from electrons and holes which are both generated following photoexcitation in TRTS experiments. For THz-TDS measurements there is the possibility of using a magnetic field or monitoring conductivity as a function of sample temperature to identify the presence and/or dominance of electrons or holes, analogous to the Hall Van der Pauw method. The next challenges are to examine potential ways to disentangle these contributions when applying the TRTS method in both transmission and reflection modes.
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